Males have higher prevalence of hypertension and renal injury than females, which may be attributed in part to androgen-mediated effects on renal hemodynamics. 
INTRODUCTION
The kidney plays a central role in long-term control of blood pressure.
Tubuloglomerular feedback (TGF) is an important mechanism of the kidney in control of renal hemodynamics and salt-water balance. TGF is a negative feedback loop that senses changes in the delivery of NaCl to the macula densa (MD) and adjusts the tone of the afferent arteriole. Increases of luminal NaCl concentration activate TGF, which constricts the afferent arteriole and reduces single nephron glomerular filtration rate (SNGFR). Together with other renal mechanisms that modulate salt and water balance, TGF controls the amount of NaCl delivery to the distal nephron and prevents excess salt excretion (31; 43; 49) .
Enhanced TGF responses have been reported in several models of hypertension including SHR(5), Goldblatt hypertension (22; 35) , and hypertensive ren-2 transgenic rats (27) . These studies indicate that enhanced TGF responsiveness may contribute to the development of hypertension. There are also important gender differences in the severity of hypertension in these models suggesting an important modulatory role of sex hormones. Hypertension is far more prevalent in men than in premenopausal women (38) . After menopause, the incidence of hypertension in females rises to the same or even higher levels than in males (7) . Male SHRs have higher blood pressure than age-matched females (40) ; similar gender differences are also found in Dahl salt sensitive rats (9) , deoxycorticosterone-salt hypertensive rats (10; 11; 34) , New
Zealand genetically hypertensive rats (1) , and angiotensin II-induced hypertensive mice (6) . Decreasing serum testosterone levels in SHR and Dahl salt sensitive rats by castration reduces the development of hypertension (40; 51) . In addition, enhanced TGF response has been proposed to contribute to the reduced GFR in chronic and acute kidney injuries (3; 45) . There is also evidence that significant sex differences exist in the susceptibility to renal injury. Renal damage induced by a reduction in nephron number, renal ischemia and aging is less in females than males.(21; 29; 32) Sex differences in disease susceptibility have historically been attributed to the protective effects of estrogen but recent evidence suggests that male hormones also have an important role in these differences (14; 33) .
However, it remains to be determined whether sex hormones and in particular testosterone has any influence on the regulation of TGF that may contribute to the sex differences in hypertension and renal injury. In the present study, we studied the direct effect of testosterone on TGF responsiveness and whether this effect was mediated by androgen receptors (ARs) in the macula densa and increased generation of superoxide (O 2 -) radicals. We also explored the sources of the O 2 -following the administration of testosterone to a macula densa-like MMDD1 cell line.
METHODS
All procedures and experiments were approved by the Institutional Animal Care and Use
Committee at the University of Mississippi Medical Center. All chemicals were purchased from Sigma (St. Louis, MO) except where indicated.
Effect of testosterone on TGF response in vivo.
Surgical preparation and TGF measurement with micropuncture: Castrated or intact male Sprague-Dawley (SD) rats (10-11 week) were purchased from Harlan Laboratories (Indianapolis, IN). The rats were prepared for micropuncture as previously described (15) . They were anesthetized by Inactin (70 mg/Kg) and Ketamine (50 mg/Kg). After tracheotomy, the right femoral artery was catheterized for blood pressure measurement. The jugular vein was catheterized for infusion of saline with 1% bovine serum albumin at 0.5 ml /hr·100gBW -1
. The left kidney was exposed and surrounded by agar in a kidney cup. Early proximal convoluted tubule segments were identified by injection of artificial tubular fluid (ATF) (containing in mM: NaHCO 3 
Statistical analysis
Data are presented as mean values ± SEM. We used a paired t-test to analyze the data obtained from the same nephron segment. We used analysis of variance (ANOVA) or
Student-Neuman test to analyze data from MMDD1 cells. A p < 0.05 was considered to be significant.
RESULTS

Testosterone enhances TGF response
Time control experiments were performed as shown in Figure 1 . When increasing tubular perfusion rate of vehicle from 0 to 40nl/min, the P sf was decreased from 37.6±1.9 to 27.1±3.1mmHg. The maximum change of P sf , TGF response, was 10.5±2.4mmHg. When increasing tubular perfusion rate again, P sf decreased from 38.3±2.0 to 27.4±2.6mmHg. ΔP sf was 11.0±2.0mmHg. There was no difference between the two TGF responses, indicating the TGF response is reversible (n = 5 rats,
tubules).
A comparison of TGF responses in castrated and intact male SD rats is presented in Figure 2 . Increasing tubular perfusion rate from 0 to 40 nl/min in intact male rats reduced P sf from 38.5±1.0 to 29.7±1.2 mmHg. The ΔP sf was 8.8±0.7mmHg. In castrated rats, P sf decreased from 34.1±1.1 to 24.5±1.9 mmHg. The ΔP sf was 9.6 ± 1.2
mmHg. There was no significant difference between these groups.
To test if testosterone has any direct effect on TGF, we added testosterone to tubular perfusate and measured changes in the TGF response in castrated rats. In the control period, P sf decreased from 40. mol/L) and flutamide were added to the perfusate, P sf was decreased from 38.1±1.4 to 31.0±1.6 mmHg. TGF was 7.1±1.9
mmHg. There was no significant difference between them ( Figure 5 , n=5 rats, 9 tubules), indicating AR is mediating testosterone-induced TGF augmentation.
Testosterone enhances TGF response by increasing superoxide
To determine whether O 2 -is involved in the enhanced TGF response following administration of testosterone, the effects of a membrane-permeable superoxide dismutase mimetic tempol was studied in castrated rats. In the presence of tempol (10 -4 mol/L), increasing tubular perfusion rate from 0 to 40 nl/min decreased P sf from 43.1 ± 1.9 to 28.8 ± 1.5 mmHg , ∆ P sf was 14.3 ± 1.3 mmHg. When testosterone was added into tubular perfusate, the P sf was decreased from 42.0 ± 1.7 to 28.3 ± 1.8 mmHg. ∆ P sf was 13.7 ± 1.2 mmHg (n=4 rats, 9 tubules, Figure 6A ). Tempol abolished the testosterone-induced augmentation of TGF response. To further confirm the role of O 2 -, we also studied the effect of another O 2 -scavenger PEG-SOD (100 units/ml). In the presence of PEG-SOD, increasing tubular perfusion rate from 0 to 40 nl/min decreased P sf from 39.5 ± 2.3 to 29.7 ± 2.6 mmHg, ∆ P sf was 9.8 ± 1.9. When testosterone was added, the P sf decreased from 39.4 ± 2.8 mmHg to 28.9 ± 2.9 mmHg, ∆ P sf was 10.5 ± 1.7 mmHg (n=4 rats, 7 tubules, Figure 6B ). Time control experiments for PEG-SOD indicate no significant changes in TGF response (n=5 rats, 7 tubules, Figure 6C ).
Testosterone enhances O 2 -generation primarily from NAD(P)H oxidase and xanthine oxidase
To determine the sources of testosterone-induced increases of O 2 -generation, we first used an NAD(P)H oxidase inhibitor apocynin or a xanthine oxidase inhibitor oxypurinol in the micropuncture experiment. In the presence of apocynin, P sf was decreased from while COX-2 inhibition had no significant effect ( Figure 7D ).
DISCUSSION
In present study, we found that testosterone enhances TGF response in male (36) . In target tissue testosterone directly binds to the nuclear AR, or converts to dihydrotestosterone, which binds the AR. The hormone-receptor complex then binds to the androgen response elements, either inducing or suppressing the androgen responsive genes(8), which is considered genomic effect. In addition, androgens can also display an acute, receptor-dependent or independent effect by non-genomic pathway, which has been observed in rat osteoblasts, luteinizing cells in human granulose, Sertoli cells, brain, and especially in vasculature(12; 13). In vasculature, the rapid vasodilator effect of testosterone cannot be attenuated by pre-treatment with the AR blocker flutamide. Even in vessels isolated from testicular feminized mice which lack a functional AR, demonstrated a testosterone-mediated vasodilation (24) . In our previous study the rapid vasodilatory effect by testosterone occurred within 10 min in isolated perfused afferent arterioles and flutamide diminished the vasodilation by testosterone, suggesting it was non-genomic and AR-mediated (26) . To study the role of AR in the current study, we first detected the expression of AR in MD cells using LCM followed by RT-PCR. We found AR expressed in MD cells, and furthermore flutamide blocked the testosterone-induced effect, which suggest that this acute effect is via a non-genomic and AR-dependent mechanism.
Increased oxidative stress is a major cause of the development of hypertension.
Both acute (42) the MD remain to be determined. Apocynin was considered as a scavenger of reactive oxygen species rather than a specific inhibitor of NAD(P)H oxidase in a recent study (20) . However, this conclusion is primarily based on using apocynin at a concentration of 1000 µM in a cell-free system. At concentrations of 100 and 10 µM, apocynin showed no scavenging activity of superoxide. In our preparation we used apocynin at a concentration of 10 µM. Given that this concentration is 100 times less than that needed to scavenge superoxide, it is unlikely that apocynin is acting via this mechanism in our preparation.
Recently, we found testosterone directly dilated the afferent arterioles by activation of eNOS (26) . We preconstricted the isolated perfused arterioles with norepnephronine and applied testosterone. We found at the concentrations of 10
mol/L testosterone dilated the arterioles. This effect was dependent on NO generation in the arterioles. In the present study, we did not measure the effect of testosterone on the activity of nNOS in the macula densa, which should be minimum, since testosterone enhanced TGF response and this effect was blocked by O 2 -scavengers. However, the effect of testosterone on the tone of afferent arteriole in vivo should be the net effects of vasoconstrictive TGF effect and direct vasodilatory effect.
Acute infusion of testosterone increased renal blood flow and GFR (28; 39) . But in rats treated with chronic testosterone replacement for 2 months, GFR was decreased and found to correlate negatively with testosterone level (30) . Quan and colleagues (37) found no changes in GFR in rats treated with chronic (10 days) dihydrotestosterone (DHT) injections. The reasons for the different responses in renal hemodynamics to acute and chronic testosterone administrations are not clear. But the findings of present study provide potential explanation for these inconsistent observations. The effect of acute and chronic application of testosterone may depend on if the primary effect is on the macula densa (vasoconstriction) or the arterioles (vasodilatation). The detailed mechanism needs to be clarified in future studies.
In summary, our data suggest that testosterone enhanced TGF by increasing O 2 -production in castrated rats, mediated by AR in the MD. It should be noted that the TGF responses were not significantly different between intact male rats and castrated rats.
While this result does not support our argument that testosterone levels can modulate TGF responsiveness, however, it should be aware that long term adaptation in the expression of AR and other signaling pathways could compensate for the reduction in testosterone levels in the castrated animals. This observation is also supported by recent findings that there is no difference of TGF response between healthy male and female animals(6).
Perspective:
The total testosterone level in normal adult men is in the range of 10-35 nmol/L, and free testosterone is within a range of 0.2-0.7nmol/L. Total and free testosterone levels in male adult rats are slightly lower than that measured in human.
After castration, male testosterone levels decrease to very low levels seen in females perfusate. This is not unexpected as testosterone is highly lipid soluble and a large percentage was likely reabsorbed along the nephron before reaching the macula densa.
More importantly, this mechanism may become significant in some pathological situations such as in high salt intake or high renin hypertension (2) . A recent study (51) found that blood pressure was similar between males and castrated Dhal salt sensitive rats fed a low salt diet. High salt diet for 4 weeks caused a progressive increase in blood pressure and renal injury in male rats, which were attenuated in castrated rats.
Testosterone replacement in castrated rats restored blood pressure and renal injury to the similar levels as male rats. Additionally, this mechanism may play a role in situations with acute changes in testosterone levels. For example, the concentrations of testosterone increased 4 folds in rats 30 minutes after alcohol administration. Alcohol intake also increases testosterone levels in men (41) . In response to stress (18) 
